INTRODUCTION
============

Flowering plants undergo a series of developmental stages from seed germination, vegetative growth, reproductive phase, and senescence. With development of new organs, each phase displays unique morphological and physiological characteristics ([@b9]). The correct timing of the transition from vegetative growth to flowering is of utmost importance to ensure reproductive success ([@b29]; [@b17]; [@b46]). Floral transition also has a large influence on agronomic traits; for example, a small delay in flowering time leads to increases in biomass yield, and premature flowering results in reduced biomass and seed set ([@b11]; [@b17]). Wheat (*Triticum aestivum* L.) is one of the most important crops in the world. Increased grain yield is always a major objective for breeders. From the jointing to booting stages, wheat goes through a transition from vegetative to reproductive growth. The shoot apical meristem changes from production of new leaves to production of a young spike. All developmental periods of the spike, from spikelet formation and floret development until flowering, will influence the final grain yield.

Squamosa-promoter binding protein (SBP)-box genes encode a plant-specific family of transcription factors, which play an important role in regulation of phase transitions ([@b6]; [@b7]). Squamosa-promoter binding protein-box genes were first identified in *Antirrhinum majus*. They were named *SBP1* and *SBP2*, and function as transcriptional activators of floral meristem identity gene *SQUAMOSA* ([@b22]). Based on sequence analysis, 17 non-redundant SBP-box genes in *Arabidopsis* and 19 in rice were predicted ([@b6]; [@b51]; [@b55]). The SBP domain contains a highly conserved 76 amino acid residue region consisting of two, non-interleaved Zn-finger-like structures and a bipartite nuclear localization signal (NLS). They recognize and bind specifically to the promoters of target genes by the core motif (TNCGTACAA, where N represents any base), which is conserved from single cell algae to higher plants ([@b53]; [@b4]).

Recent studies in various species suggested that SBP-box genes affect a broad range of developmental processes, especially promotion of the transition from juvenile to the adult and flowering stages ([@b49]; [@b37]). The gene functions of this family members are well characterized in *Arabidopsis*. Squamosa-promoter binding protein-box genes, known as *SBP-like* (*SPL*) genes in *Arabidopsis*, show extensive functional redundancy. *AtSPL3*, *AtSPL4*, and *AtSPL5* (*AtSPL3/4/5*) have similar functions in promoting vegetative phase changes and flowering ([@b5]; [@b49]; [@b14]). Single and double mutant phenotype analysis of *AtSPL9* and *AtSPL15* indicated their role in positive regulation of juvenile-to-adult growth phase transition and negative regulation of leaf initiation rate (plastochron), resulting in altered inflorescence architecture and enhanced branching ([@b37]; [@b44]). The closely related members *AtSPL2*, *AtSPL10*, and *AtSPL11* control proper development of lateral organs in association with shoot maturation in the reproductive phase ([@b39]). They also have functions in early embryonic patterning by regulating the morphogenesis-to-maturation transition ([@b33]). *AtSPL8* promotes sporogenous cell and parietal cell formation in early anthers, whereas the semisterile phenotype of *AtSPL8* loss-of-function mutants revealed partial functional redundancy along with several other *AtSPL* genes ([@b56]; [@b52]). *AtSPL14* participates in the programmed cell death (PCD)-inducing fungal toxin fumonisin B1 (FB1) and regulates the development of normal plant architecture ([@b40]). Squamosa-promoter binding protein-box genes also affect anthocyanin biosynthesis and copper homeostasis in *Arabidopsis* ([@b54]; [@b15]).

As with the function of several *AtSPL* genes in controlling flowering time and floral organs, SBP-box genes already have been implicated in regulation of flower and fruit development in crops; in other words, they affect the yield. In tomato, an SBP-box gene (*LeSPL-CNR*) is critical for normal ripening as demonstrated by positional cloning and virus-induced gene silencing ([@b28]). The most critical step in maize domestication was kernel liberation from the hardened, protective casing that surrounded the kernels in the maize progenitor (teosinte), and converted teosinte into a useful grain crop. This evolutionary step was controlled by *teosinte glume architecture* (*tga1*), an SBP-box gene ([@b43]). Another maize SBP-box gene (*tasselsheath4*, *tsh4*) plays an important role in inflorescence (the tassel and the ear) branch meristem initiation and maintenance ([@b8]). In rice, *OsSPL14* regulates the ideal plant architecture, including low tiller numbers with few unproductive tillers, more grains per panicle, and stronger culms. This pleiotropic gene significantly promotes panicle branching and higher grain productivity ([@b20]; [@b31]). *OsSPL16*, at the *GW8* locus, is a positive regulator of cell proliferation, and controls grain size, shape, and quality ([@b47]). We hypothesized that one or several SBP-box genes also play a role in wheat ear development. However, there has been no report on SBP-box genes in common wheat until now. In order to test the hypothesis, we isolated 10 novel SBP-box genes from wheat genome. Moreover: (i) a neighbor-joining (NJ) phylogenetic tree was constructed based on the conserved SBP domain of *Arabidopsis*, rice, and wheat; (ii) the diversity of motif composition was described; (iii) the expression pattern in different organs and the response to wheat ear development was examined; and (iv) nuclear localization of *TaSPL17* was observed. The results suggest a potential role for wheat SBP-box genes in ear development.

RESULTS
=======

Identification and cloning of SBP-box genes in wheat
----------------------------------------------------

To identify the wheat SBP-box genes, the draft sequences of the *Aegilops tauschii* (DD) genome were searched using a profile Hidden Molkov model (pHMM) of the SBP domain ([@b19]). The primary pHMM search revealed 20 sequences, and an *E*-value of less than 1 × 10^−5^ was used as the threshold: 19 were lower than 1 × 10^−5^; the *E*-value of the removed one was 0.9. There were no redundant sequences among them and each predicted gene was confirmed by a Pfam search for conserved SBP domains. Finally, 19 sequences were considered as putative wheat SBP-box genes and 10 were cloned in this study. As a final check, the full-length protein sequences of TaSPL were submitted to the National Center for Biotechnology Information to search the non-redundant protein sequences database. The result of BLASTP showed that none was reported in common wheat. However, six of them have been reported in *A. tauschii*, which were the predictions from whole genome shotgun sequence, and we designated the similar names (*TaSPL1*, *TaSPL3*, *TaSPL6*, *TaSPL8*, *TaSPL15*, *TaSPL17*) accordingly in wheat ([@b19]). The remaining four genes were named *TaSPL20*-*TaSPL23* by consecutive nomenclature. The 10 *TaSPL* genes have been submitted to GenBank with accession numbers KF447877-KF447886 (Table S1). The identities of full-length protein sequences among the genes ranged 18.0%--86.9%, whereas the identities of the SBP domains ranged 58.2%--89.9%, indicating that the SBP domains encoded by the *TaSPL* genes displayed a high level of sequence conservation and the regions outside the domains were quite variable (Table[1](#tbl1){ref-type="table"}).

###### 

Identities (%) in protein sequence among wheat squamosa-promoter binding protein (SBP)-box genes

  SBP-box gene   1      3      6      8      15     17     20     21     22     23
  -------------- ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
  *TaSPL1*              18.1   42.9   21.0   34.4   18.1   23.5   22.1   21.5   38.9
  *TaSPL3*       58.2          18.0   20.6   20.3   31.1   23.0   19.4   21.3   36.0
  *TaSPL6*       67.1   67.1          20.1   31.9   20.5   22.5   22.8   20.9   33.7
  *TaSPL8*       62.0   69.6   68.4          25.3   25.5   28.0   26.8   27.3   46.0
  *TaSPL15*      64.6   65.8   77.2   64.6          21.2   27.0   25.6   23.2   44.7
  *TaSPL17*      62.0   70.9   70.9   70.9   65.8          26.0   23.4   24.9   48.8
  *TaSPL20*      63.3   63.3   68.4   70.9   67.1   68.4          52.3   86.9   43.9
  *TaSPL21*      59.5   64.6   69.6   73.4   62.0   63.3   82.3          52.6   44.0
  *TaSPL22*      62.0   64.6   68.4   78.5   63.3   67.1   88.6   89.9          44.3
  *TaSPL23*      62.0   67.1   67.1   70.9   68.4   65.8   67.1   69.6   70.9   

Identities (%) in upper triangle region are based on full-length TaSPL protein sequences, whereas the data in the lower triangular matrix are based on sequences within the SBP domains.

Phylogenetic analysis of the SBP-box gene family in *Arabidopsis*, rice, and wheat
----------------------------------------------------------------------------------

Based on sequence analysis, there are 17 SBP-box genes in *Arabidopsis* and 19 in the rice genome ([@b6]; [@b51]; [@b55]). The gene functions of most members in *Arabidopsis* have been well characterized experimentally. In rice, *OsSPL14* and *OsSPL16* are also well known for promoting grain productivity ([@b20]; [@b47]). In order to evaluate the phylogenetic relationships among the *Arabidopsis*, rice, and wheat, a total of 44 SBP-box gene family members were used for phylogenetic analysis based on their conserved SBP domains, including 16 from *Arabidopsis*, 18 from rice, and 10 from wheat. The 44 SBP-box genes were clustered in five groups, named G1--G5, and each group contained at least one member from *Arabidopsis*, rice, and wheat ([Figure 1](#fig01){ref-type="fig"}). There are several pairs of orthologous genes: *AtSPL7* and *OsSPL9*, *AtSPL8* and *OsSPL8*, and *TaSPL8* in G1; *OsSPL14*/*17* and *TaSPL17* in G2; *OsSPL6* and *TaSPL6*, *OsSPL15* and *TaSPL15* in G3; *OsSPL1* and *TaSPL1*, *OsSPL2* and *TaSPL23* in G4; and *OsSPL3/12* and *TaSPL3* in G5. The results suggested that the main characteristics of the SBP-box gene family were established before the occurrence of speciation. Therefore, some of them should have similar biological functions. In other situations, paralogous genes were also recognized, such as *AtSPL2/10/11* and *OsSPL16/18*, implying genes that evolved by gene duplication after separation of the three species.

![Phylogenetic analysis of squamosa-promoter binding protein (SBP)-box gene family based on the conserved SBP domain in *Arabidopsis*, rice, and wheat The tree was conducted by alignment of 16 *Arabidopsis*, 18 rice, and 10 wheat SBP-box genes by neighbor-joining methods with 1,000 bootstrap replicates. Species and gene names are indicated at the end of each branch; and the *TaSPL* genes are marked with red dots.](jipb0056-0571-f1){#fig01}

The phylogenetic tree also helped to predict the putative functions of the *TaSPL* genes based on the functions of SBP-box proteins in other species clustered in the same group. *TaSPL8/20/21* clustered together with *AtSPL8* and *AtSPL3/4/5* in G1, implying that the functions of *TaSPL8/20/21* may be related to flowering time and the development of floral organs ([@b49]; [@b21]). *TaSPL17* grouped in G2 with rice *OsSPL14* and *Arabidopsis AtSPL9/15*. *OsSPL14* regulates ideal plant architecture and promotes panicle branching and higher grain productivity, and *AtSPL9/15* alter inflorescence architecture and enhanced branching ([@b37]; [@b20]). This is a strong indication that *TaSPL17* may be involved in inflorescence branching.

Structural features of wheat SBP-box proteins within and outside the SBP domain
-------------------------------------------------------------------------------

Squamosa-promoter binding protein-box gene proteins containing the SBP domain are suggested to be transcription factors involved in various aspects of plant development. The protein sequences of the SBP domain are highly conserved, whereas sequences outside the SBP domain are quite diverse in size and sequence ([@b6]). In order to gain an insight into the sequence characters within and outside the SBP domain in wheat, the sequence logo for the SBP-box domain was conducted and protein motifs were searched based on the full-length of TaSPL proteins. In addition, the conserved motif structures of SBP-box genes in *Arabidopsis* and rice were also analyzed ([Figures 2](#fig02){ref-type="fig"}, [3](#fig03){ref-type="fig"}).

![Sequence LOGO for the wheat squamosa-promoter binding protein (SBP)-box domain based on the *TaSPL* genes The overall height of the stack indicates the sequence conservation at that position, and the height of each letter represents the relative frequency of the corresponding amino acid at that position. The two zinc finger motifs (Zn-1 and Zn-2) and nuclear localization signal (NLS) are indicated.](jipb0056-0571-f2){#fig02}

![MEME motif search based on the full-length protein sequences of squamosa-promoter binding protein (SBP)-box genes in *Arabidopsis*, rice, and wheat Conserved motifs are indicated by numbered colored boxes.](jipb0056-0571-f3){#fig03}

Unlike the classic Zn-binding domain (Cys~2~His~2~ Zn finger), the wheat SBP domain consisted of two novel Zn-binding pockets, as reported for Zn finger patterns of SBP domain in other species, formed by eight conserved cystein and histidine residues (Cys~3~His and Cys~2~HisCys) that coordinates two Zn ions ([Figure 2](#fig02){ref-type="fig"}) ([@b27]; [@b53]). As for transcription factors, a putative bipartite NLS was predicted at the C-terminal end of the wheat SBP domain ([Figure 2](#fig02){ref-type="fig"}), where covalent modification by nuclear proteins prevents or promotes their nuclear entry ([@b18]). The diverse combination of 10 motifs identified in wheat SBP-box genes demonstrated the diversity of sequence structures among the *TaSPL* genes, suggesting that they may have different roles in plant development ([Figure 3](#fig03){ref-type="fig"}). Motif 1 represents the first Zn-binding motif and motif 2 is the second Zn-binding motif. Motif 4 was an ankyrin repeat responsible for mediating protein-protein interactions and containing two alpha helices separated by loops ([@b32]). Moreover, the motif combinations in the same groups divided by phylogenetic analysis were mainly consistent with each other, revealing that the sequence features of SBP domains may also reflect the possibility of the sequence diversity outside the SBP domains in *Arabidopsis*, rice, and wheat.

Expression profiles of wheat SBP-box genes in different tissues
---------------------------------------------------------------

To investigate the spatial and temporal transcription patterns of the *TaSPL* genes, semiquantitative reverse transcription polymerase chain reaction (RT-PCR) was used to detect their expression in various wheat tissues, including root (SR, BR), shoot apical meristem (SC), leaf blade (SL, BL), node (BN), internode (BI), leaf sheath (BS), and ear (BE), at the seedling or late booting stages ([Figure 4](#fig04){ref-type="fig"}). Tissue-specific expression revealed gene functions related to some developmental processes. According to the phylogenetic tree, the five groups of *TaSPL* genes showed different expression patterns ([Figure 4](#fig04){ref-type="fig"}). *TaSPL8/20/21* in G1 and *TaSPL17* in G2 showed tissue-specific expression. *TaSPL17/20/21* mainly expressed in the shoot apical meristem at seedling stage and the ear at late booting, indicating that these genes may have a functional role in regulating the shoot apical meristem to produce new leaves and spikelets. For example, *TaSPL20* was abundantly expressed in the shoot apical meristem and ear, but was hardly detected in other tissues. In comparison with G1 and G2, genes in G3 (*TaSPL6/15*) generally showed the opposite situation, that is, they expressed lowly in the shoot apical meristem and ear, and were highly expressed in other tissues. The transcript levels of the genes in G4 (*TaSPL1/23*) were irregular among different tissues.

![Tissue-specific expression patterns of *TaSPL* genes in nine tissues The wheat *tubulin* gene was used as the control for equal cDNA concentrations. SR, SC, and SL, root, shoot apical meristem, and leaf blade at the seedling stage, respectively; BR, BN, BI, BS, BL, and BE, root, node, internode, leaf sheath, leaf blade, and ear at the late booting stage, respectively.](jipb0056-0571-f4){#fig04}

Wheat SBP-box genes involved in ear development assessed by the expression patterns
-----------------------------------------------------------------------------------

Because SBP-box genes are thought to be involved in flower and fruit development, various wheat tissues at different stages were collected to explore the expression profiles of the *TaSPL* genes during ear and grain development. The tissues used for semiquantitative RT-PCR included shoot apical meristems, ears, and grain at 15 stages from the four leaf stage to 21 d post-flowering ([Figure 5](#fig05){ref-type="fig"}). In general, the similar expression patterns of *TaSPL8/20/21* in G1 and *TaSPL17* in G2 reflected their functions involved in ear development; that is, they were gradually upregulated, reached their highest expression levels, and were downregulated at the end of the ear development. In accordance with the result of tissue-specific expression, the genes in these two groups (except *TaSPL22*) also exhibited tissue-specific expression, and they were barely detected in grains ([Figures 4](#fig04){ref-type="fig"}, [5](#fig05){ref-type="fig"}). Interestingly, the expression of *TaSPL6/15* in G3 increased with grain development, and *TaSPL1/23* in G4 showed the completely opposite expression pattern ([Figure 5](#fig05){ref-type="fig"}). The gene in G5 (*TaSPL3*) was constantly expressed in all of the tested tissues ([Figures 4](#fig04){ref-type="fig"}, [5](#fig05){ref-type="fig"}).

![Expression analysis of the *TaSPL* genes in wheat during development of the shoot apical meristem, ear, and grain The wheat *tubulin* gene was used as a control for equal cDNA concentrations. 4C, 6C, and GC, shoot apical meristem at the four leaf, six leaf, and green-turning stages; 0.5E, 2E, 3E, 6E, 8E, and 10E, ears with different lengths, ranging 0.5--10 cm; BE and FE, ears at late booting stage and flowering stage, respectively; 4G, 7G, 14G, and 21G, grains at 4, 7, 14, and 21 d after flowering.](jipb0056-0571-f5){#fig05}

Real-time quantitative PCR of *TaSPL17*, *TaSPL20*, and *TaSPL21* further confirming their functions involved in ear development
--------------------------------------------------------------------------------------------------------------------------------

In order to check the expression profiles obtained by semiquantitative RT--PCR, *TaSPL17*, *TaSPL20*, and *TaSPL21* were chosen as examples for illustrating the reliability. Because *TaSPL17/20/21* mainly expressed in the shoot apical meristem and the ear, those wheat tissues at different stages were used for real-time quantitative (q)PCR. The expression levels revealed by the real-time PCR and semiquantitative RT--PCR were consistent with each other, further confirming their response to ear development ([Figure 6](#fig06){ref-type="fig"}).

![Real-time quantitative polymerase chain reaction analysis of *TaSPL17* (B), *TaSPL20* (C), and *TaSPL21* (D) in wheat tissues at different stages 4C, 6C, and GC, shoot apical meristem at the four leaf, six leaf, and green-turning stages; 0.5E, 2E, 3E, 6E, 8E, and 10E, ears with different lengths, ranging 0.5--10 cm; BE and FE, ears at late booting stage and flowering stage (A); 4G, 7G, 14G, and 21G, grains at 4, 7, 14, and 21 d after flowering. Bar: 2 × *SE*.](jipb0056-0571-f6){#fig06}

When the young ear is approximately 0.5 cm (0.5E), the terminal spikelet initiated rapid growth of the completed ear and the stem commenced. Subsequently, the lateral spikelet and floret meristems start to initiate the different parts of the flower, such as stamens and carpel. When those occurred, the young ear length is approximately 3 cm (3E). *TaSPL17/20/21* strongly expressed in 0.5E, 2E, and 3E. Their maximum expression levels differed from each other. The expression level of *TaSPL17* peaked in 0.5E, with high level of expression in 2E. *TaSPL20* strongly expressed in 2E, but the highest expression occurred in 3E. The double-peaked expression pattern of *TaSPL21* was apparent in 0.5E and 3E ([Figure 6](#fig06){ref-type="fig"}). The high relative expression of *TaSPL17/20/21* occurred during those periods suggested their functional role in the development of spikelet and floret. Around booting stage, meiosis occurs in the young ear (BE), almost simultaneously at the green anther stage. At the yellow anther stage, the florets are mature (FE) and anthesis is about to take place. *TaSPL17/20/21* showed obvious low levels of expression in BE and FE as compared to 0.5E, 2E, and 3E ([Figure 6](#fig06){ref-type="fig"}).

Subcellular localization of the TaSPL17 protein
-----------------------------------------------

The deduced amino acid sequences of wheat SBP-box genes contained a putative bipartite NLS, a major characteristic of transcription factors. TaSPL17 protein was selected for validating the NLS experimentally. The recombinant construct of the TaSPL-green fluorescent protein (GFP) fusion gene was transiently expressed in living onion epidermal cells. As expected, TaSPL17-GFP protein (GFP) was localized in the cell nucleus ([Figure 7](#fig07){ref-type="fig"}).

![Subcellular localization of TaSPL17--green fluorescent protein (GFP) fusion proteins driven by the CaMV35S promoter The vector control (35S::GFP) and the fusion proteins (35S::TaSPL17--GFP) were introduced into onion epidermal cells and observed with a laser scanning confocal microscope. Images are in dark field (1, 4), bright field (2, 5), and combined (3, 6).](jipb0056-0571-f7){#fig07}

DISCUSSION
==========

Diversity of wheat SBP-box gene family from sequence features to expression patterns
------------------------------------------------------------------------------------

Squamosa-promoter binding protein-box genes have been reported in many plant species, such as *Chlamydomonas* ([@b23]), *Arabidopsis* ([@b5], [@b6]), maize ([@b43]; [@b8]), rice ([@b38]; [@b51]), tomato ([@b28]), *Populus x canadensis* ([@b46]), silver birch ([@b24]), and *Salvia miltiorrhiza* ([@b58]). However, few members were reported in wheat. From the draft sequences of the [d]{.smallcaps} genome of bread wheat, 19 sequences were identified as putative wheat SBP-box genes and 10 of them were cloned in this study. Based on protein sequences of the conserved SBP domains, phylogenetic analysis classified the *TaSPL* genes into five groups ([Figure 1](#fig01){ref-type="fig"}). The results of motif compositions and expression analyses supported this division. Furthermore, expression patterns of the five groups are distinctive; for example, *TaSPL8/20/21* in G1 exhibited tissue-specific expressions and the gene in G5 (*TaSPL3*) expressed constitutively; *TaSPL6/15* in G3 were upregulation and *TaSPL1/23* in G4 were downregulation during grain development ([Figures 4](#fig04){ref-type="fig"}, [5](#fig05){ref-type="fig"}). Thus, the variable protein sequences in the SBP domain, diversity motif compositions, and different expression patterns suggest that *TaSPL* is a diverse gene family. On the other hand, the consistency of the phylogenetic analysis, motif compositions, and expression patterns of 10 *TaSPL* genes revealed specific gene structures and functions. The *TaSPL* genes studied here obviously do not represent all members of the wheat *SPL* gene family, but they likely represent the diversity within the wheat SBP-box gene family.

Some wheat SBP-box genes involved in ear development
----------------------------------------------------

The diversity of SBP-box genes contributes to their regulation of diverse aspects of plant development, such as leaf shape and epidermal traits ([@b39]; [@b50]), juvenile-to-adult phase transition and flowering ([@b37]; [@b45]), fertility ([@b52]), embryonic development ([@b33]), anthocyanin biosynthesis ([@b15]), fruit ripening and grain yield ([@b28]; [@b20]), and bract and ear glume development ([@b43]; [@b8]). Numerous studies report that SBP-box genes play a critical role in regulation of flower and fruit development ([@b43]; [@b28]; [@b49]; [@b8]; [@b20]; [@b47]). In our study, *TaSPL20/21* in G1 and *TaSPL17* in G2 mainly expressed in the shoot apical meristem and the ear were barely detected in other tissues ([Figure 4](#fig04){ref-type="fig"}). Their expression levels responded to ear development ([Figure 5](#fig05){ref-type="fig"}). The temporal and specific expression patterns demonstrated that they may have a functional role in regulating the shoot apical meristem to produce new spikelets and affecting ear development. In addition, *TaSPL8/20/21* clustered together with *AtSPL8* and *AtSPL3/4/5* in G1, and *TaSPL17* grouped into G2 with rice *OsSPL14* and *Arabidopsis AtSPL9/15* ([Figure 1](#fig01){ref-type="fig"}). These genes in *Arabidopsis* and rice are involved in flowering time and inflorescence development ([@b49]; [@b37]; [@b20]; [@b21]). *OsSPL14* regulates rice plant architecture, including fewer tillers, stronger culms, and denser panicles ([@b20]). *TaSPL17*, the presumed ortholog of *OsSPL14*, expressed predominantly in the root, shoot apical meristem, internode, and ear, quite consistent with the functions of *OsSPL14* ([Figures 1](#fig01){ref-type="fig"}, [6](#fig06){ref-type="fig"}). Therefore, the results of phylogenetic analysis and expression analysis of the SBP-box gene family further confirmed the putative functions of the wheat genes in G1 and G2.

Putative orthologous and paralogous SBP-box genes reveal both conserved and specialized functions
-------------------------------------------------------------------------------------------------

Orthologous genes originate from common ancestral genes and have the same functions ([@b13]; [@b30]), whereas paralogous genes typically diversify in function or undergo subfunctionalization ([@b1]). In higher plant evolution, the monocots (rice and wheat) and dicots (*Arabidopsis*) diverged from a common ancestor 200 million years ago ([@b48]). Squamosa-promoter binding protein-box genes, functioning specifically in plants, originated before divergence of green algae and ancestral land plants ([@b16]). Before the splits of *Arabidopsis*, rice, and wheat, the SBP-box gene family probably originated from the common ancestor of green plants, followed by duplication and divergence. We observed several pairs of orthologous and paralogous genes among *AtSPL*, *OsSPL*, and *TaSPL* genes in our study ([Figure 1](#fig01){ref-type="fig"}). The functions of orthologous genes were similar to each other. *Arabidopsis AtSPL3* and orthologous genes in *Antirrhinum* (*SBP1* and *SBP2*) and silver birch (*BpSPL1*) are involved in control of early flowering ([@b22]; [@b24]; [@b49]). *Arabidopsis AtSPL9* is involved in plastochron length, and the homologous *OsSPL14* gene prolongs the plastochron and reduces tiller number in rice ([@b44]; [@b20]). On the other hand, the functions of paralogous SBP-box genes display partial functional redundancy, although they may have their own specialized functions during plant development. In this study, similar expression patterns among genes in G1 and G2 ([Figures 4](#fig04){ref-type="fig"}, [5](#fig05){ref-type="fig"}) suggested the occurrence of functional redundancy in wheat as well as in *Arabidopsis* ([@b17]), but their transcription levels peaked at different stages implying specialized functions during ear development.

In this study, we cloned 10 wheat SBP-box genes, and presented a comprehensive analysis of their structures and functions. The diverse gene structures and different expression patterns suggested that wheat SBP-box genes have a wide range of functions. Phylogenetic and expression analysis suggest a potential role for wheat SBP-box genes in regulation of the shoot apical meristem to produce new spikelets or to affect ear development. Our results provide a significant beginning for detailed functional analysis of SBP-box genes in wheat.

MATERIALS AND METHODS
=====================

Plant materials and sample preparation
--------------------------------------

Common wheat (*Triticum aestivum* L.) cultivar Yanzhan 4110 was planted on the experimental farm (39°48′N, 116°28′E) of the Institute of Crop Science, the Chinese Academy of Agricultural Sciences, Beijing. Plants were sown at the beginning of October 2011 and harvested in mid-June 2012. For tissue-specific expression analysis, different tissue samples were collected from: (i) root (SR), shoot apical meristem (crown, SC), and leaf blade (SL) of seedlings; and (ii) root (BR), node (BN), internode (BI), leaf sheath (BS), leaf blade (BL), and ear (BE) at late booting. To detect dynamic expression patterns, samples at various developmental stages were collected, including three kinds of tissue samples. First, shoot apical meristem at the four leaf stage (4C), six leaf stage (6C), and green-turning stage after winter (GC). Second, ears with lengths ranging 0.5--10 cm (0.5E, 2E, 3E, 6E, 8E, and 10E), and ears at the late booting (BE) and flowering (FE) stages. Between 0.5E and 3E is the main phase for the spikelet and floret initiation, and the lateral spikelet and floret meristems start to initiate the different parts of the flower. Before booting stage, the immature ear (from 3E to BE) is completing the development of the male and female parts of the flower. Later, meiosis occurs then anthesis takes place (from BE to FE). Third, grains at 4 (4G), 7 (7G), 14 (14G), and 21 d (21G) post-flowering. Each of the above biological samples was represented by mixed tissue samples at the same stage from at least three different, randomly selected individuals.

Identification and cloning of SBP-box genes in wheat
----------------------------------------------------

The scaffolds of the *Aegilops tauschii* (DD, D genome donor species of common wheat) draft sequence were screened with a pHMM of the SBP domain (profile PF03110.9) to identify novel wheat SBP-box genes ([@b12]; [@b3]; [@b19]). The HMMER 3.0 program was used to search the local database. An *E*-value of less than 1 × 10^−5^ was used as the cut-off in HMMER search. To exclude redundancy, we aligned all sequences with the ClustalW algorithm using the DNAStar software package and sequences that shared more than 95% matches were considered redundant ([@b57]). Open reading frames were predicted by FGENESH (<http://linux1.softberry.com/berry.phtml>). All non-redundant protein sequences of putative wheat SBP-box genes were checked for the SBP domain by Pfam (<http://pfam.sanger.ac.uk/>).

For each wheat SBP-box gene, a pair of primers was designed based on the putative sequence with cDNA templates prepared from different tissue samples (Table S2). Polymerase chain reaction was performed in a 15 µL system using 0.3 U of TransStart FastPfu DNA polymerase (TransGen, Beijing, China) in a Veriti 96-Well Thermal Cycler (Applied Biosystems, Foster City, CA, USA). Amplified products were separated in a 1.2% agarose gel electrophoresis. The target bands were recovered, cloned into pEASY-Blunt vectors, and transformed to DH5α competent cell (TransGen). Twelve positive clones were sequenced for each candidate SBP-box gene with an ABI 3730 × L 96 capillary DNA analyzer (Applied Biosystems). Only the wheat SBP-box genes that were verified by sequencing were used in this study.

Phylogenetic analysis
---------------------

*Arabidopsis* SBP-box genes were obtained from TAIR (<http://www.arabidopsis.org/index.jsp>) ([@b6]). Rice SBP-box genes were downloaded from RGAP ([@b34]). The amino acid sequences of the conserved SBP domain were considered for phylogenetic analysis. SMART (<http://smart.embl-heidelberg.de/>) was used to identify the SBP domain sequences of SBP-box genes in *Arabidopsis*, rice, and wheat ([@b36]; [@b25]). Squamosa-promoter binding protein-domain sequences and accession numbers of SBP-box genes in *Arabidopsis*, rice, and wheat are presented in Table S3. The multiple sequence alignment was generated by the ClustalW algorithm within the software MEGA 4.1 ([@b42]; [@b41]). An NJ phylogenetic tree for *Arabidopsis*, rice, and wheat SBP-box gene family members was constructed, and the significance of the inferred relationships was determined by bootstrap analysis (1 000 replicates).

Gene structure analysis
-----------------------

The sequence logo of the wheat SBP domain sequences was generated by submitting the multiple alignment sequences to the online WebLogo 3 platform (<http://weblogo.threeplusone.com/>) ([@b35]; [@b10]). Conserved motif analysis of the whole sequences of wheat SBP-box genes was performed by MEME 4.9.0 with default settings, except that the minimum width was 10, the maximum width was 80, and the maximum number of motifs to find was 10 ([@b2]).

Semiquantitative RT-PCR and real-time PCR
-----------------------------------------

Total RNA was extracted using TRIZOL reagent, and DNA was removed by digestion with DNase I. Two micrograms of total RNA was used to synthesize first-strand cDNA using the SuperScriptII Reverse transcriptase (Invitrogen, San Diego, CA, USA). For semiquantitative RT--PCR, the wheat *tubulin* transcript was used to adjust the relative transcript level. Primer sequences amplifying wheat *tubulin* with 500 bp amplicon were: 5′-TGAGGACTGGTGCTTACCGC-3′ and 5′-GCACCATCAAACCTCAGGGA-3′. The gene-specific primers and the size of amplified fragments used in semiquantitative RT-PCR for wheat SBP-box genes are presented in Table S4. The primers were designed based on the cDNA sequence of wheat SBP-box genes. Polymerase chain reaction was performed using TransStart FastPfu DNA polymerase (TransGen). Amplified products were recovered from agarose gel and cloned into pEASY-Blunt vectors (TransGen). For each gene, 12 positive clones were randomly selected for sequencing. The primers that only amplified single, specific products were used in this study.

Various numbers of PCR cycles were tested to ensure that the reactions still had been in the exponential range of amplification. The PCR for the amplification of wheat *tubulin* was run for 23 cycles, which were tested from 20 to 30 cycles. For wheat SBP-box genes, PCR cycles were various depending on the expression levels of different genes, which were tested from 26 to 38 cycles. Ten microliters of the RT--PCR products were analyzed by 1.2% agarose gel electrophoresis and stained with ethidium bromide. Each RT--PCR was replicated three times.

For qRT--PCR, primer sequences amplifying wheat *Actin* were: 5′-CTCCCTCACAACAACAACCGC-3′ and 5′-TACCAGGAACTTCCATACCAAC-3′, which were used as a reference gene. The gene-specific qRT--PCR primers (5′-GTGTCTCGCAGGGGTCGC-3′ and 5′-CGGCGGCATGTAGTTACTCG-3′; 5′-CGGAGAATGACGACCAC-3′ and 5′-GTCGTTGTTCTGGTCGG-3′; 5′-CGCAGGGCAAGGACTC-3′ and 5′-CGACTTGTTGGTCCTGTGA-3′) were designed based on the coding region of *TaSPL17*, *TaSPL20*, and *TaSPL21*, respectively. Quantitative RT--PCR was performed in triplicate with an ABI Prism 7300 system using the SYBR Green PCR master mix kit (Applied Biosystems). The relative level of gene expression was analyzed by the 2^−△△*C*T^ ([@b26]).

Subcellular localization of TaSPL17 protein
-------------------------------------------

The coding region of *TaSPL17* was fused upstream of the GFP gene under control of the CaMV 35S promoter and NOS terminator in the pJIT163--GFP expression vector. The primers used to amplify the full-length coding sequence added with restriction sites were: 5′-AGCGAAGCTTATGGAGATTGGAAGCGG-3′ (*Hin*dIII site underlined) and 5′-ACTCGGATCCCAGAGACCAGTTGGACGAG-3′ (*Bam*HI site underlined). The constructed 35S::TaSPL17--GFP fusion protein was confirmed by restriction analysis and sequencing. Recombinant constructs were transformed into onion epidermal cells via a gene gun (Helios; Bio-Rad, Richmond, CA, USA). After incubation in Murashige--Skoog medium at 28 °C for 36--48 h, the transformed cells were observed with a laser scanning confocal microscope (Leika TCS-NT, Heidelberg, Germany).
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